We propose a flat-top bandpass Solc-type filter in a periodically poled lithium niobate crystal. Our study reveals several critical electric fields at which the transmission spectrum surprisingly evolves into a flat-top one, which is a new method for obtaining a flat-top wavelength filter. Because the flat-top passband width can be controlled by the applied electric field, it shows a potential application in optical networks and ultrafast optical signal processing.
Optical filters play an important role in optical signal processing and optical communication. In particular, a narrow flat-top bandpass filter, which not only enables a particular wavelength channel to pass through but is also significant in keeping the signal stable, is widely needed in wavelength-division multiplexing systems [1] . Usually, the flat-top bandpass filter is realized in, for example, birefringence combination [2, 3] , liquid [4] , and photonic crystals [5, 6] . Recently, a tunable narrowband Solc-type wavelength filter filter in a periodically poled lithium niobate (PPLN) crystal [7] [8] [9] and PPLN waveguide [10] [11] [12] has been successfully proposed and received much attention. The intensity as well as the center wavelength of Solc-type filters in PPLN can be modulated by the external electric field. However, both kinds of Solc-type wavelength filters make it difficult to keep the signal stable in optical communication, because the fundamental wavelength of such filters is sensitive to temperature and the intensity of the output light will decline rapidly when the temperature drifts.
In this Letter, we experimentally discovered a critical electric field at which the transmission spectrum of the Solc-type wavelength filer surprisingly evolves into a flat-top one, which is very attractive in optical signal processing and optical communication. The theoretical analysis further reveals that new critical points with different flat-top widths will be found every 2.4 kV/ cm in the electric field and consequently suggests application of the tunable flat-top width by switching the external electric field between different critical points.
In a PPLN Solc-type wavelength filter, a uniform electric field is applied along the Y axis of PPLN [7, 8] . Based on the electro-optic effect the optical axis of each domain is alternately aligned at the angles + and − with respect to the plane of polarization of the input light. The angle is called the rocking angle and is proportional to electric field intensity [13] . For such a filter, each domain serves as a half-wave plate with respect to the fundamental wavelength. After passing through the stack of half-wave plates, the optical plane of polarization of the fundamental wavelength rotates continually and emerges finally at an angle of 2N, where N is the number of plates. Therefore, when 2N = 90°at the filter output, light of the fundamental wavelength does not experience loss in passing through the crossed analyzer and the corresponding spectrum is similar to the sin 2 ͑x͒ / x 2 function curve (the curve with the square symbol in Fig.  3 ) [7] . In this Letter, we discover that when 2N Ͼ 90°at the filter output, the transmission spectrum will evolve into flat-top type at some critical angles (the curve with the star symbol in Fig. 3 ), which has not been covered by any existing literature to the best of our knowledge. In the following discussion we move to detail the discovery with both experimental and theoretical analysis. Figure 1 is the schematic of the experimental setup for achieving the flat-top transmission spectrum. The sample with a dimension of 30 mm ͑L͒ ϫ 10 mm ͑W͒ ϫ 0.5 mm ͑T͒ consists of 2857 domains with the period of 21 m. A high-voltage source with the maximum of 5 kV is used to generate the electric field along the transverse direction of PPLN. An optical test system is employed in our experiment, which includes a broadband amplified spontaneous emission (ASE) source with an output wavelength ranging from approximately 1530 to 1560 nm, as well as an Fig. 1 . Experimental setup for a PPLN Solc-type wavelength filter. A PPLN crystal, which is Z cut, is placed between two crossed polarizers, the first of which is along the Z direction and the second the Y direction. The light propagates along the X direction, and a uniform electric field is applied along the Y axis of the PPLN sample. ASE, amplified spontaneous emission; OSA, optical spectrum analyzer. optical spectrum analyzer for observing the transmission spectrum. The room temperature is 23.5°C.
During the experiment we extend the electric field to a higher range than previous research. The intensity here is tuned from 0 to 5 kV/ cm with on increment of 0.1 kV/ cm each time. The light intensity of the fundamental wavelength ͑1538.1 nm͒ is recorded under each electric field, and the corresponding transmission is shown in Fig. 2 . The experimental observation of the Solc filter indicates that there is already a rocking angle between the optical axes of the positive and negative domains when not applying electric field ͑S͒, which means that an initial internal electric field may have existed in the PPLN crystal. With the increment of the electric field, the transmission of the fundamental wavelength attends to maximum at 3 kV/ cm ͑A͒ and subsequently declines when the electric field keeps on rising. Most previous research [7] [8] [9] [10] [11] [12] has stopped here, and less significant work has proceeded with a higher electric field. Surprisingly, our study reveals that with a higher electric field, the transmission spectrum correspondingly evolves into a flat-top waveform at the critical point 4.2 kV/ cm ͑B͒, which is very attractive. The corresponding transmission spectra at A and B are, respectively, shown in Fig. 3 . A flat-top waveform with a 1 nm flat-top width is obtained in the experiment.
For such a flat-top phenomenon, the physical process can be explained as follows. When the final rotation angle of the fundamental wavelength attends to 90°first, a higher electric field will lead to excessive rotation and consequently cause slight loss in passing through the crossed analyzer. While at the same time the rotation angle of the near wavelengths gradually close to 90°with the transmission arising correspondingly. It happens that both the near wavelengths and the fundamental wavelength have the same transmission value at the critical point and therefore give birth to a flat top.
To further investigate this flat-top process, a Jones matrix, a 2 ϫ 2 matrix method, is employed to track the polarization state of light propagation along PPLN. The Jones matrices in one domain with the positive and negative orientation are expressed, respectively, as 
͑3͒
Therefore, the relation between the output and input light can be connected by the matrix P Y MP Z , where P Z and P Y are matrices for the crossed polarizer, and can be finally simplified as E OUT = M 21 E IN . Consequently, the transmission of the output light can be described as T = ͉M 21 ͉ 2 . With this method the transmission of the output light at the fundamental wavelength as a function of the applied electric field is shown in Fig. 4 . Compared with the experimental measurement shown in Fig. 2 , the initial internal electric field in PPLN may start at S 0 , S 1 , S 2 , S 3 , S 4 because from here on the trend of the transmission at the fundamental wavelength is in agreement with the experimental results. After observing the transmission spectrum at B 0 , B 1 , B 2 , B 3 , B 4 , a flat-top spectrum waveform, similar to the experimental result, is obtained only at B 0 , which shows the theoretical curve that corresponds to experimental results ͑S-A-B͒ is the section S 0 -A 0 -B 0 . Interestingly, we also discover flat-top spectra at voltages of P 1 , P 2 , and P 3 and, by extending the external electric field to a higher value, new critical points of flat-top will be found every 2.4 kV/ cm in the electric field. Besides, the width of each flat-top transmission spectrum is proportionally increased with the increment of the external electric field. Thereby, a tunable passband flat-top filter can be achieved by managing the electric field.
The corresponding transmission spectra at P 1 , A 0 , B 0 , P 2 , and P 3 are shown in Fig. 5 . The spectra at A 0 and B 0 here are basically in agreement with the experimental results in Fig. 3 . Both the theory and the experiment shows that the width of the flat top equals about 1 nm, and the fundamental wavelength is in the vicinity of 1538.1 nm for this PPLN crystal sample employed in the experiment. In Fig. 3 the transmission of the fundamental wavelength at B is 10% lower than the theoretical result B 0 . This is because more loss has taken place when the electric field rises from A to B, which may result from the instability of the experimental setup. As P 1 and P 3 , as well as B 0 and P 2 , have the same absolute value of the external electric field, the corresponding transmission spectra are identical, which can be learned from the figure as follows. Meanwhile, the flat top at P 1 and P 3 is wider than that at B 0 and P 2 , which implies the possibility of tunable passband by switching the external electric field between different critical points. However, limited by the maximum value of the high-voltage source, no experimental attempt is made in this Letter to achieve tunable passband. Recently, a Solc-type wavelength filter based on a PPLN waveguide was successfully proposed [10] [11] [12] . In the waveguide configuration, the gap between the electrodes can be as short as 10 m, so that only 4.2 V is enough to realize a flat-top wavelength filter in the PPLN waveguide, which is very attractive to this application.
In this Letter, both the theory and the experiment show that there is a critical voltage at which a flattop transmission spectrum can be achieved. To have an insight into the flat-top process, more studies should proceed in the future. We believe this phenomenon may also be found in other materials and structures similar to PPLN. As the flat-top spectrum is able to keep the signal stable, this finding may improve the possibility of the practical application of a Solc-type PPLN filter in optical networks and optical signal processing in the future. Theoretical transmission spectra at point A 0 and critical points B 0 , P 2 and P 1 , P 3 . The dasheddotted curve represents the theoretical spectrum at A 0 , the solid curve represents the theoretical spectrum at B 0 and P 2 , and the dashed curve represents the theoretical spectrum at P 1 and P 3 .
